f Nitrosomonas eutropha is an ammonia-oxidizing betaproteobacterium found in environments with high ammonium levels, such as wastewater treatment plants. The effects of NO 2 on gene and protein expression under oxic and anoxic conditions were determined by maintaining N. eutropha strain C91 in a chemostat fed with ammonium under oxic, oxic-plus-NO 2 , and anoxicplus-NO 2 culture conditions. Cells remained viable but ceased growing under anoxia; hence, the chemostat was switched from continuous to batch cultivation to retain biomass. After several weeks under each condition, biomass was harvested for total mRNA and protein isolation. Exposure of N. eutropha C91 to NO 2 under either oxic or anoxic conditions led to a decrease in proteins involved in N and C assimilation and storage and an increase in proteins involved in energy conservation, including ammonia monooxygenase (AmoCAB). Exposure to anoxia plus NO 2 resulted in increased representation of proteins and transcripts reflective of an energy-deprived state. Several proteins implicated in N-oxide metabolism were expressed and remained unchanged throughout the experiment, except for NorCB nitric oxide reductase, which was not detected in the proteome. Rather, NorY nitric oxide reductase was expressed under oxic-plus-NO 2 and anoxic-plus-NO 2 conditions. The results indicate that exposure to NO 2 results in an energy-deprived state of N. eutropha C91 and that anaerobic growth could not be supported with NO 2 as an oxidant. N itrosomonas eutropha is a betaproteobacterial ammonia-oxidizing nitrifier with a niche preference for environments with a high ammonium flux, concentration, or load, such as wastewater treatment plants (WWTPs) (13). Although chemolithotrophic ammonia-oxidizing bacteria (AOB) are considered obligate aerobes, N. eutropha strain N904 was capable of anaerobic ammonia oxidation using nitrite as a terminal electron acceptor with externally provided nitrogen dioxide gas (NO 2 ) as an oxidant (18). Anaerobic incubation of Nitrosomonas europaea ATCC 19718 with ammonia, NO 2 , and nitrite significantly increased levels of transcripts encoding copper-containing nitrite reductase (nirK), cytochrome c-dependent nitric oxide reductase (norB), and the red copper protein nitrosocyanin (ncyA) relative to transcript levels in aerobically growing cultures without NO 2 (4). Although dinitrogen gas (N 2 ), not nitrous oxide (N 2 O), was considered to be the main product of anaerobic metabolism in N. eutropha N904 (18, 23), recognizable N 2 O reductase genes have never been identified in genomes of ammonia-oxidizing bacteria, including N. eutropha C91.
N
itrosomonas eutropha is a betaproteobacterial ammonia-oxidizing nitrifier with a niche preference for environments with a high ammonium flux, concentration, or load, such as wastewater treatment plants (WWTPs) (13) . Although chemolithotrophic ammonia-oxidizing bacteria (AOB) are considered obligate aerobes, N. eutropha strain N904 was capable of anaerobic ammonia oxidation using nitrite as a terminal electron acceptor with externally provided nitrogen dioxide gas (NO 2 ) as an oxidant (18) . Anaerobic incubation of Nitrosomonas europaea ATCC 19718 with ammonia, NO 2 , and nitrite significantly increased levels of transcripts encoding copper-containing nitrite reductase (nirK), cytochrome c-dependent nitric oxide reductase (norB), and the red copper protein nitrosocyanin (ncyA) relative to transcript levels in aerobically growing cultures without NO 2 (4) . Although dinitrogen gas (N 2 ), not nitrous oxide (N 2 O), was considered to be the main product of anaerobic metabolism in N. eutropha N904 (18, 23) , recognizable N 2 O reductase genes have never been identified in genomes of ammonia-oxidizing bacteria, including N. eutropha C91.
Aside from anaerobic respiration, N. eutropha N904 generates and utilizes NO for aerobic growth; removal of NO by intensive aeration, chemical chelation, or consumption by a cocultivated denitrifier significantly reduced ammonia-oxidizing activity by N. eutropha N904 (29) . Furthermore, addition of NO 2 to N. eutropha N904 cultures transitioning from anaerobic to aerobic cultivation (24) and addition of nitrite to ammonia-starved Nitrosomonas europaea strain ATCC 19718 cultures (14) greatly increased the rate of metabolic recovery, indicating an important role for nitrogen oxides (NOx) in stimulating aerobic metabolism of Nitrosomonas spp. Together, these observations led to the hypothesis of the "NOx cycle," whereby NO (initially generated from nitrite reduction by NirK) is oxidized to N 2 O 4 by O 2 and reduced back to NO by ammonia monooxygenase (AMO), while ammonia is oxidized to hydroxylamine (21) . Based on the experiments with N. eutropha N904, this model postulated that NO 2 rather than O 2 is the primary oxidant for ammonia activation by AMO during aerobic respiration; however, the mechanism of NO 2 (or N 2 O 4 ) reduction by AMO has not been reconstructed. The anoxic oxidation of ammonia by AMO with externally provided NO 2 was not inhibited by acetylene, whereas complete inhibition of AMO by acetylene was observed when O 2 was the sole oxidant in cultures of N. eutropha N904 (19) . Only supplemented NO 2 , and not NO, could replace O 2 during anoxic ammonia oxidation (19) . Thus, it appears that AMO can use either O 2 or NO 2 as an oxidant for ammonia oxidation, and, based on the differential inhibition of AMO by acetylene, the enzyme is considered to have different binding sites for the oxidants. While both O 2 and NO 2 can be used simultaneously by N. eutropha N904, resulting in simultaneous nitrification and denitrification under reduced aeration (5), it is not clear whether the postulated "NOx cycle" is operational during aerobic ammonia oxidation.
Addition of NO 2 to mixed cultures of betaproteobacterial ammonia oxidizers and anammox bacteria stimulated both aerobic and anaerobic ammonia oxidation (20, 30) , and addition of NO stimulated activity of an anammox enrichment (10) . From these studies it was concluded that anammox bacteria could be supported either by externally added NO or by NO and nitrite produced by aerobic ammonia oxidizers. Indeed, NO has been identified as a central metabolite of anammox metabolism (9) . As a whole, these studies suggest that N-oxides are important metabolites that support lithotrophic N metabolism, particularly in lowoxygen to anoxic environments. The current study investigated the global transcriptional and proteomic responses of axenic N. eutropha C91 cultures to long-term exposure to NO 2 under both aerobic and anaerobic conditions to better define the underlying physiology and significance of NO 2 to the metabolism of N. eutropha.
MATERIALS AND METHODS
Reactor setup. A 7-liter glass vessel with a working volume of 4 liters was used for growing N. eutropha strain C91. The reactor was fed continuously at a flow rate of 1.4 ml · min Ϫ1 (2 liters · day Ϫ1 ). The influent mineral medium (18) 4 . The pH of the medium was adjusted to 7.0. A pH controller unit was used to supply a solution of Na 2 CO 3 (100 g · liter Ϫ1 ) when necessary to keep the pH stable at 7.0. For the homogeneous distribution of substrates, the vessel was stirred at 200 rpm. A heating blanket was used to keep the temperature at 30°C. A gas mixture of air-N 2 (90:10%) with a flow of 500 ml · min Ϫ1 was sparged through the reactor for continuous O 2 supply. On day 82 the gas flow was changed to 450 ml · min Ϫ1 of air and 50 ml · min Ϫ1 of 4,000 ppm NO 2 . On day 189, the reactor was converted into an anaerobic batch reactor with a gas flow of 200 ml · min Ϫ1 N 2 and 2.5 ml · min Ϫ1 of 4,000 ppm NO 2 . At the start of the anoxic-plus-NO 2 period, there was approximately 50 mM NO 2 Ϫ and NH 4 ϩ in the reactor as determined using standard assays (7) . The biomass remained unchanged throughout the 244 days of the bioreactor run as determined by measurement of stable protein levels and a continuous optical density at 600 nm (OD 600 ) of 0.2. Samples for RNA isolation and proteomic analyses were collected at the end of each period at days 82, 189, and 244.
RNA isolation and analysis. Culture (20 ml for each of the two oxic phases and 100 ml for the anoxic phase) was harvested from the reactor. RNA was isolated using the RiboPure Bacteria kit according to the manufacturer's instructions (Ambion, Foster City, CA). At the final step, RNA was resuspended in 50 l diethyl pyrocarbonate (DEPC)-treated water. First-strand cDNA was synthesized with random primers using the RevertAid H Minus first-strand cDNA synthesis kit, and the second strand was synthesized using DNA polymerase according to the manufacturer's instructions (Fermentas, Vilnius, Lithuania). mRNA was sequenced and analyzed as described elsewhere (9) . The quality scores of the obtained Solexa reads (3.5 million) were converted to PHRED format, initially mapped with Maq (http://maq.sourceforge.net) to the genome of the N. eutropha C91 chromosome and two plasmids (accession numbers NC_008344, NC_008341, and NC_008342), and verified with CLCBIO software using various settings. From the aligned reads, the per-position coverage was calculated for each contig and used to calculate the coverage for each open reading frame (ORF), intergenic region, and predicted RNA element.
Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis and data processing. For each phase, 4 liters of effluent was collected. Cells were centrifuged and resuspended in 5 ml 20 mM potassium phosphate buffer, pH 7.5. Cells were disrupted using a French press (3 times at 1,200 PSI) and centrifuged at 4°C. In-solution digestion of proteins was performed as described in detail elsewhere (28) . Analyses were performed using a nanoflow liquid chromatograph (Proxeon Easy nLC) coupled online via a nanoflow electrospray ionization source to a 7T linear ion trap Fourier transform ion cyclotron resonance mass spectrometer (LTQ FT Ultra; Thermo Fisher Scientific). Samples were loaded directly onto the analytical column with 0.5% acetic acid and 5% acetonitrile at a pressure of 240 ϫ 10 5 Pa. The analytical column was a 10-cmlong, 100-m-inner-diameter electrospray emitter (PicoTip emitter FS360-100-8-N-5-C15; New Objective), which was packed in-house with 3 m (120-Å-pore-size) C 18 -AQ ReproSil-Pur reversed-phase material (Dr. Maisch GmbH). Peptides were eluted from the column using a linear gradient of 10 to 40% acetonitrile at a flow rate of 300 nl/min. The mass spectrometer was programmed to acquire a precursor scan by the ion cyclotron resonance cell (mass range, m/z 350 to 1600; resolution [R], 100.000; 1E6 ions; 1 microscan), from which the 4 most abundant ions were selected for fragmentation experiments in the linear ion trap (1E4 ions, 3-threshold [Th] isolation width, 30-ms activation time, 30% normalized collision energy, activation Q of 0.250) each cycle. Ions with charge state z ϭ 2ϩ or z ϭ 3ϩ were exclusively selected for fragmentation analysis. Dynamic exclusion was enabled (exclusion duration time ϭ 300 s with early expiration enabled, count ϭ 10, S/N threshold ϭ 2) to prevent oversampling.
Database searches were performed using the Mascot search engine (Matrix Science) in combination with the Refseq N. eutropha C91 database. Search parameters included a 10-ppm precursor mass tolerance, a 0.8-Da fragment ion mass tolerance, ESI-TRAP instrument settings for fragment ions, tryptic specificity with a maximum of 1 missed cleavage, carbamidomethylation (Cys) as fixed modification, and oxidation (Met) and acetylation (protein N term) as variable modifications. Peptide and protein identifications were validated using the in-house-developed PROTON (Proteomics Tools Nijmegen) software (unpublished). Validation criteria required a minimum Mascot peptide identification score of 30 for peptides originating from proteins identified with multiple unique peptide sequences. Single-peptide matches required a minimum Mascot score of 49 and a modified delta score of 10 or better. Exponentially modified protein abundance index (emPAI) values were calculated by PROTON and were used to identify proteins with significantly changed expression levels between culturing conditions. The protein expression ratios between samples were calculated from the protein emPAI values and normalized via median centering. Only proteins identified by at least 3 unique peptides were considered for further analysis. A one-sided Student t test with a critical P value of Ͻ0.01 was used to identify proteins with significantly changed expression between culturing conditions. Categorization. Assignment of proteins and transcripts into functional groups was based on the N. eutropha C91 genome annotation (http: //genome.jgi-psf.org/nitec/nitec.annotation.html). 2 and anoxia on ammonia-oxidizing activity of Nitrosomonas eutropha C91 under long-term continuous cultivation. Continuous cultures of N. eutropha C91 were grown in mineral medium with 50 mM ammonium at the same dilution factor and under two aeration phases: oxic and oxic plus 4,000 ppm NO 2 ( Fig. 1) . Total biomass remained statistically unchanged over the course of the experiment as measured by a stable OD 600 of 0.2 (data not shown). Ammonium levels remained low at 3 Ϯ 1.7 mM and nitrite levels averaged 45 Ϯ 4.2 mM in the absence of NO 2 . Upon addition of NO 2 , ammonium levels were significantly higher (P Ͻ 0.01 by Student's t test) at 6.5 Ϯ 4, while average nitrite levels were significantly lower (P Ͻ 0.01 by Student's t test) at 40 Ϯ 3.6 mM. Following these two aerobic growth phases, the culture was switched to an anoxic-plus-NO 2 (4,000 ppm) atmosphere and from continuous to batch mode, as N. eutropha was incapable of growth under these conditions as measured by the absence of increasing biomass in batch mode. Ammonium levels averaged 42 Ϯ 7.5 mM and nitrite concentrations averaged 46.5 Ϯ 1.2 mM over the course of anaerobic incubation (Fig. 1) . Approximately 4 mM ammonium was consumed over the course of anoxic-plus-NO 2 incubation without complete conversion to nitrite, indicating possible N loss through gas production as reported previously (18) .
RESULTS

Effect of NO
General proteome. A total of 713 unique proteins out of 2,443 predicted coding sequences (CDSs) (26) were detected in N. eutropha C91 over the course of the experiment (see the proteome data in the supplemental material). Of these, 652, 555, and 352 proteins from cells cultivated under oxic, oxic-plus-NO 2 , and anoxic-plus-NO 2 (26) were expressed under all three conditions. Although none of the proteins encodingtheNorCBnitricoxidereductaseweredetectedunderanycondition, the NorY nitric oxide reductase (sNOR; YP_748072) (26) protein was expressed under oxic-plus-NO 2 and anoxic-plus-NO 2 conditions. The N-oxide transformation proteins cytochrome c=-beta (CtyS; YP_747560) and cytochrome P460 (CytL; YP_746385) were expressed under all three conditions, as was nitrosocyanin (NcyA; YP_748360). Subunit II of the low-affinity cytochrome aa 3 terminal oxidase (YP_748574)wasexpressedunderallthreeconditions,whereasthehighaffinity cbb 3 heme-copper oxidase (YP_747791-93) was expressed under oxic-plus-NO 2 and anoxic-plus-NO 2 conditions only.
Effect of NO 2 on proteins and transcripts of N. eutropha C91. The classes of proteins responsive to NO 2 exposure indicate that N. eutropha C91 was experiencing a state of energetic deficiency in the presence of NO 2 , although differences in specific protein ratios were more pronounced in the absence than in the presence of O 2 (Table 1) . Greater representation of proteins for ammonia monooxygenase, terminal heme-copper oxidase, and proton-translocating pyrophosphatase suggested a need for higher electron flow and proton motive force to maintain biomass. Increased representation of HflK-C proteins indicated protease activation. However, levels of the Hsp20 chaperone, which is often associated with a stress response, were lower in NO 2 -exposed cells. Decreased levels of key enzymes for arginine and leucine biosynthesis indicated a decrease in N assimilation and/or N storage activity. Similarly, decreased levels of proteins involved in the tricarboxylic acid (TCA) cycle and gluconeogenesis indicated a decline in central pathway activity and C assimilation and/or storage.
In general, transcript levels for each of the NO 2 -responsive proteins changed insignificantly (Ͻ2-fold) and not in correlation with protein levels under oxic (without NO 2 ) and anoxic (with NO 2 ) conditions ( Table 1 ). The exception was fructose-1,6-bisphosphatase, a key enzyme in gluconeogenesis, which was the only CDS with a significant decrease in both transcript and protein levels after transition to anoxic-plus-NO 2 conditions. Transcript levels from the orphan amoC gene (Neut_1520) were increased under anoxic-plus-NO 2 conditions relative to levels of the two operonic amoC genes, although a protein corresponding to Neut_1520 was not identified in the proteome. Transcript levels of norC (Neut_0521) were 2.2-fold higher in cells from oxic conditions than in those from anoxic-plus-NO 2 conditions, whereas transcript levels of norBQD (Neut_0520-18) remained unchanged (4,000 ppm) was added to the air mix. The second arrow indicates the transition from continuous to batch culture along with the cessation of O 2 addition to the air mix. During the anoxic-plus-NO 2 phase, complete biomass retention was required to collect material for transcriptome and proteome analysis; hence, the cells were not actively growing during the anoxic-plus-NO 2 phase.
(see the transcriptome data in the supplemental material). Transcript levels for the norSY-senC nitric oxide reductase gene cluster (Neut_1874-76) also remained unchanged.
Effect of anoxia plus NO 2 on proteins and transcripts of N. eutropha C91. Proteins specifically and positively affected by anoxia plus NO 2 that were not similarly affected by oxic-plus-NO 2 conditions indicated responsive alterations in membrane functions and carbon fixation, whereas most negatively affected proteins were implicated in biosynthesis, protein processing, and information processing (Table 2 and Fig. 2 ). Only 8 of 28 transcripts with significant changes in response to anoxia plus NO 2 relative to oxic conditions were also represented in the proteome (Table 3) . The most positively responsive transcripts to anoxia plus NO 2 with a predicted cellular function were those for metal resistance genes (Fig. 3) . The majority of transcripts assigned to biosynthesis, carbon fixation, central carbon pathways, and cell envelope and transport functions were found to decrease in response to anoxia plus NO 2 ( Fig. 3) , suggesting a pronounced response to energetic deficiency beyond that observed under the oxic-plus-NO 2 growth condition.
DISCUSSION
Aside from a focus on N. eutropha C91 rather than N. europaea ATCC 19718 as in prior studies (4, 22) , the present study is also unique in that no adjustments were made to the dilution rate during oxic growth in response to turbidity changes, and each culture condition continued for several weeks rather than a few days prior to RNA and protein extraction. Therefore, long-term physiological adaptations to NO 2 and anoxia plus NO 2 were captured in the transcriptome and proteome, rather than short-term stress responses. Although based on a single experiment, the data clearly show that NO 2 as a sole oxidant for anaerobic growth (18) or a vital cooxidant with O 2 (19) was not validated for N. eutropha C91. The lower rate of ammonia oxidation to nitrite under the oxic-plus-NO 2 culturing condition ( Fig. 1) and lack of biomass gain (data not shown) under the anoxic-plus-NO 2 atmosphere indicated that both conditions resulted in energy and reductant deficiency. However, anaerobic ammonia oxidation in the presence of NO 2 did support biomass retention and viability (as determined by the ability of the cells to continue ammonia oxida- tion) but not growth. Although the function of NO 2 as an oxidant capable of supporting anaerobic growth of N. eutropha C91 was not observed, it remains possible that short-term NO 2 exposure could briefly stimulate ammonia-oxidizing activity. In addition, comparative studies of AOB genomes indicated that genome content varies significantly between closely related AOB (12), which could be responsible for the observed physiological differences between N. eutropha N904 and the type strain C91 (Nm57). The translation of three proteins, i.e., proton-translocating pyrophosphatase (Neut_0786/NE1935), a hypothetical protein (Neut_0832/NE1907), and cytochrome c 1 (Neut_1112/NE0811), was commonly increased in NO 2 -exposed or anoxic-plus-NO 2 incubations of N. eutropha C91 and ammonia-starved Nitrosomonas europaea ATCC 19718 (16) . Few indicators of nitrosative stress were identified in the proteome or the transcriptome (6, 11) . Elevated levels of transcript and presence of protein for aerobactin synthase (siderophore) and cytochrome c peroxidase along with elevated transcription of metal homeostasis genes were observed in anoxic-plus-NO 2 incubations of N. eutropha C91 (Table 3 ; Fig.  3 ), indicating some overlap with typical oxidative or heavy metal stress responses (1, 17) . Furthermore, increased transcription of the orphan amoC gene has been implicated in the recovery from starvation and general stress response of N. europaea ATCC 19718 (3).
The increase in AmoCAB and other redox-active proteins along with diminished biosynthetic and nutrient storage activities (Table 1) could explain a short-term enhancement of ammonia oxidation rates observed in batch cultures of N. eutropha N904 (19) and in WWTP sludges amended with NO 2 (31) , as more energy would be diverted to essential metabolism than to nutrient storage. While all proteins in the nitrite reductase gene cluster were expressed, there was no visible change in protein or transcript levels of nirK, nor was there any detectable expression of nitric oxide reductase (NorCB) proteins or significant changes in norBQD transcripts under any condition. Expression of NorY in NO 2 -exposed cells under both oxic and anoxic conditions indicates that this alternative nitric oxide reductase is perhaps more important than NorB for NOx metabolism by N. eutropha C91 (26) . Nitrosocyanin protein levels increased with anoxia plus NO 2 , but transcription of the ncyA gene did not change significantly between oxic (no NO 2 ) and anoxic (with NO 2 ) conditions. These results are contradictory to a prior study of N. europaea ATCC 19718 incubated with ammonia, nitrite, and NO 2 in which nirK, norB, and ncyA transcription significantly increased relative to that in aerobically grown cells (4); however, the prior study examined mRNA levels at 24 to 48 h after switching from aerobic to anaerobic conditions. The present results suggest that steadystate N-oxide metabolism by N. eutropha is likely controlled by a combination of proteins such as hydroxylamine oxidoreductase (HaoAB), cytochromes c554 (CycA) and c M 552 (CycB), nitrite reductase and related proteins (NcgABC to NirK), nitrosocyanin (NcyA), cytochrome c=-beta (CytS), and cytochrome P460 (CytL) (2, 8, 25, 27) , all of which were expressed and unchanged from condition to condition. Prior measurements of changes in expression of these genes and proteins in nitrosomonads likely reflected the transient environmental conditions experienced in muchshorter-term batch and continuous culture incubations, including expression of norB in N. europaea ATCC 19718 (4) .
Disagreement between specific transcript and protein abundances or presence (Tables 1 to 3) indicates independent and dynamic control at transcriptional, translational, and posttranslational levels. While it is not yet feasible to integrate discrete levels of mRNA to protein content or protein content to activity, it is logical to presume that the presence of an enzyme, assuming that it is not inhibited, is indicative of a function. Levels of neither mRNA nor protein can predict in vivo activity levels; in bacteria, mRNA levels do not even correlate well to the absolute abundances of the proteins they encode (ca. 47% correlation in Escherichia coli) (15) . Given the ambiguity of relationships between transcripts, enzymes, and activities, conclusions that can be drawn from this study are as follows: (i) NO 2 exposure results in decreased steady-state levels of ammonia oxidation in aerobically growing N. eutropha C91; (ii) anaerobic ammonia oxidation with NO 2 and nitrite can maintain viability of N. eutropha but does not provide enough energy for growth, which suggests that NO 2 is likely not produced as an internal oxidant from NO and could also negatively impact WWTPs that seek to bolster ammonia oxidation rates with NO 2 amendments; (iii) the transcriptome and proteome of N. eutropha suggest a general stress response to NO 2 and anoxia, including a shift from nutrient storage and biosynthesis toward more efficient energy conservation and utilization; and (iv) steady-state levels of proteins involved in N-oxide metabolism are likely functionally important under all growth conditions, with NorY nitric oxide reductase playing perhaps a more significant role than NorB in response to NO 2 and anoxia (26) . cultures based on functional category (KEGG and COG). Ratios are reported only for transcript levels having greater than a 2-fold difference between treatments. Black bars represent categories of transcripts with higher levels under anoxic-plus-NO 2 than under oxic conditions; gray bars represent categories of transcripts with lower levels under anoxic-plus-NO 2 than under oxic conditions. The actual numbers of coding sequences (CDSs) for each category are printed below the bars for increased transcript levels or above the bars for decreased transcript levels. Error bars represent standard deviations inclusive of all CDSs within a category.
